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Summary
A non-enzymatic, low temperature fluorescence in situ hybridization (LTFISH) procedure was applied to metaphase spreads and interphase cell nuclei. In this context 'low temperature' means that the denaturation procedure of the chromosomal target DNA usually applied by heat treatment and chaotropic agents such as formamide was completely omitted so that the complete hybridization reaction took place at 37 ° C. For LTFISH, the DNA probe had to be single-stranded, which was achieved by means of separate thermal denaturation of the DNA probe only. The DNA probe pUC1.77 was used for all LTFISH experiments. The labelling quality (number of binding sites, relative background intensity, relative intensity of major and minor binding sites) was analysed by confocal laser scanning microscopy (CLSM). An optimum in specificity and signal quality was obtained for 15 h hybridization time. For this hybridization condition of LTFISH, the chromosomal morphology was analysed by scanning near-field optical microscopy (SNOM). The results were compared with the morphology of chromosomes after (a) labelling of all centromeres using the same chemical treatment in the FISH procedure but with the application of target denaturation, and (b) labelling of all centromeres using a standard FISH protocol including thermal denaturation of the DNA probe and the chromosomal target. Depending on the FISH-procedure applied, SNOM images show substantial differences in the chromosome morphology. After LTFISH the chromosome morphology appeared to be much better preserved than after standard FISH. In contrast, the application of the LTFISH chemical treatment accompanied by heat denaturation had a very destructive influence on chromosomal morphology. The results indicate that, at least for certain DNA probes, specific chromosome labelling can be obtained without the usually applied heat and chemical denaturation of the DNA target, resulting in an apparently well preserved chromatin morphology as visualized by SNOM. LTFISH may be therefore a useful labelling technique whenever the chromosomal morphology had to be preserved after specific labelling of DNA regions. Binding mechanisms of single-stranded DNA probes to doublestranded DNA targets are discussed.
Introduction
Fluorescence in situ hybridization (FISH) has become a routine technique to specifically localize nucleic acid sequences in interphase cell nuclei or on metaphase chromosomes (Van der Ploeg, 2000) . The specificity and sensitivity of FISH allows the detection of single genes up to the delineation of whole chromosomes (for review, see Anguiano, 2000) .
The commonly accepted mechanism of FISH labelling is the specific binding of a single-stranded DNA probe to the complementary single-stranded DNA sequence of the chromosomal target, followed by fluorescence visualization of the labelled chromatin binding site. This mechanism generally requires a denaturation procedure for both the DNA probe and the DNA target, i.e. strand separation of the native DNA double strand, in order to form a new probe-target hybrid double strand. Although enzymatic denaturation has been introduced as a feasible method to generate single-stranded DNA in cell nuclei (Bayer et al ., 1990) , in nearly all standard FISH protocols, which are offered in FISH protocol collections and which are taken over for commercially available FISH labelling kits, the denaturation process is induced by heat treatment between 50 ° C and 90 ° C accompanied by an extensive use of chaotropic agents such as formamide (typically at least 50%) in the hybridization buffer (Langer-Safer et al ., 1982; Lichter & Cremer, 1992; Clark, 1996; Hayes & Dutrillaux, 2000; Schwarzacher & Heslop-Harrison, 2000) .
Some years ago, the so-called Fast-FISH protocol was developed, which omitted formamide or equivalent denaturing agents in the hybridization buffer (Celeda et al ., 1994; Durm et al ., 1996) . However, heat treatment at 94 ° C was further required and the labelling specificity and stringency were controlled by hybridization time and temperature Durm et al ., 1998) .
Although standard FISH protocols in many modifications, as well as Fast-FISH, are nowadays routinely applied as methods of choice in interphase and metaphase cytogenetics, they are accompanied by conformation changes of the chromatin (Wolf et al ., 1999; Rauch et al ., 2000b) . At present, it is unclear to what extent the denaturation treatment induces reversible or irreversible conformation changes. So far, it has been shown that the preparation steps (metaphase spreading, ageing, fixation, etc.) have an impact on chromatin morphology and the resulting hybridization signal (Kozubek et al ., 2000; Henegariu et al. , 2001) . Therefore, the influence of FISH procedures is controversial where supra-molecular chomatin structures are quantitatively analysed (Esa et al ., 2000 (Esa et al ., , 2001 Rauch et al ., 2000a) in order to study the nuclear architecture Solovei et al ., 2002) .
Recently, FISH procedures have been introduced that are based on the mechanism by which homopurin DNA sequences bind a homopurin or homopyrimidin oligo-DNA probe as a third strand Johnson & Fresco, 1999) . Denaturation of the target sequences can be completely omitted. These triple-helical FISH procedures, however, require specially designed oligo-DNA probes. Another FISH technique without heat treatment of the chromosomal target is low temperature FISH (LTFISH), which is based on Fast-FISH (Kraus et al ., 1995) . The feasibility of this technique for fluorescence labelling of metaphase spreads has been already shown (Durm et al ., 1997) . Here, we have optimized the labelling quality and adapted the technique to interphase cell nuclei labelling.
Based on preliminary results (Hausmann et al ., 2001) , the morphology of metaphase chromosomes after the application of different FISH techniques was studied by scanning nearfield optical microscopy (SNOM). SNOM (Pohl et al ., 1984; Betzig et al ., 1986 ; for review, see Zhang et al ., 2000; De Lange et al ., 2001 ) combines topographic, i.e. atomic force imaging, with optical imaging, so that fluorescence localization of hybridized sites can be performed even without fluorescence counterstaining. SNOM covers the resolution regime below far-field light microscopy, i.e. in the hundred and sub-hundred nanometre regime. Because functionally determined supramolecular chromatin structures in cell nuclei are on a compatible size scale , such investigations appear to be useful to show that LTFISH preserves the chromosomal morphology better than standard FISH, for quantitative microscopic investigations.
Materials and methods

Specimen preparation
Lymphocytes were prepared from fresh peripheral blood (Arakaki & Sparks, 1963) and stimulated with phytohemagglutinin A to grow for 72 h. The cells were synchronized and arrested in mitosis by a Colcemid block for the last 2 h of cultivation. After hypotonic treatment with pre-warmed KCl (75 m m ) the cells were fixed with cold methanol/acetic acid (3 : 1, v : v) according to standard conditions (Moorhead et al ., 1960) . Metaphase chromosomes and interphase cell nuclei were spread on pre-cleaned slides. After evaporation of the fixative, the slides were stored in 100% ethanol at 4 ° C. Prior to use they were rinsed with 100% ethanol and air-dried.
Standard FISH (SFISH)
For the SNOM experiments, a commercially available DNA probe (Appligene Oncor, Qbiogene GmbH, Heidelberg, Germany) specific for all centromeres was used. This probe was labelled with digoxigenin. According to the manufacturer's instructions, 1.5 µ L probe DNA was denatured in 30 µ L Oncor Hybrisol VI (containing 50% Formamide as the chaotropic agent) at 72 ° C for 5 min. The specimen was separately denatured in 70% formamide at 70 ° C for 2 min and dehydrated by an ethanol series (70%, 80%, 95%) at -4 ° C for 2 min each. Afterwards the probe mixture was added, the specimen was covered with a plastic cover-glass and maintained in a humidified chamber for hybridization at 37 ° C overnight (about 15 h). After removing the coverslip, the specimen was washed in 0.5 × SSC (pH 7) at 72 ° C for 5 min and cooled in 1 × PBD (phosphatebuffered detergent) to room temperature. For detection of the hybridized sites, 60 µ L of Cy3-labelled antidigoxigenin was applied and incubated under a plastic coverslip at 37 ° C for 45 min. The slides were then rinsed three times in 1 × PBD for 2 min each and air-dried for SNOM. Also according to the same SFISH protocol, some experiments were performed with a chromosome 1 centromere probe labelled with FITC.
Low temperature FISH (LTFISH)
The DNA probe pUC1.77 (Cooke & Hindley, 1979) specific for the region q12 on chromosome 1 was used. This probe is known to have minor binding sites on chromosomes 9, 16 and Y (Gosden et al ., 1981) . The probe was labelled either with biotin-(or digoxigenin-) 11-dUTP ('indirect labelling') or with fluorescein-12-dUTP ('direct labelling').
A quantity of 5 µ L DNA probe (about 100 ng) was diluted with 3 µ L 20 × SSC, 3 µ L 10 × HCl-Tris (10 × = 100 m m ; pH 8.3) and 19 µ L H 2 O and denatured at 95 ° C for 4 min. It was cooled to approximately 60 ° C and maintained at this temperature until use.
Prior to hybridization, the specimen was treated with RNase in 2 × SSC at 37 ° C for 1 h. After washing in 2 × SSC the slides were incubated in 10 m m HCl for 2 min, followed by a pepsin digestion at 37 ° C for 10 min. After rinsing with H 2 O, the slides were washed twice in 2 × SSC for 5 min and subjected to a short fixation with 4% fresh formaldehyde in PBS for 10 min at room temperature. Then the slides were washed twice again in 2 × SSC, subjected to an ethanol series (70%, 85%, 95%) for 5 min each and air-dried.
The probe mixture was pipetted on the pre-warmed specimen slides, which were covered with a cover-glass and sealed with rubber cement. The specimen was hybridized at 37 ° C for 5, 10, 15, 25, 50 h (SNOM experiments for only 15 h). Then the cover-glass was removed and the specimen was washed in 4 × SSC/0.2% Tween 20 for 5 min. The slides were washed in 10% blocking solution in PBS or in 1.5% dry milk in PBS for 5 min.
The digoxigenin-labelled probe was visualized by Cy3-(or FITC-) antidigoxigenin. The biotinylated probe was visualized with a digoxigenin-labelled antibiotin antibody that was subsequently highlighted with the above-mentioned antidigoxigenin antibody (SNOM experiments). The antibody reaction took place at 37 ° C for 45 min.
Finally, the slides were washed in PBS, subjected to another ethanol series (70%, 85%, 95%) for 5 min each and air-dried. For SNOM imaging the slides were used without counterstaining. For CLSM the specimen was mounted in 15 µ L Vectashield antifade (Florijn et al ., 1995) with 50 µ L propidium iodide (PI) and covered with a cover-glass.
High temperature control (HTC)
For control experiments (HTC) by SNOM, the specimen was pre-treated as described for LTFISH. After the quick fixation in formaldehyde, however, FISH was performed according to the standard protocol applying an all-centromere probe and heat denaturation together with formamide exposure of the chromosomal target.
Acridine orange staining (AO) of chromosomes
In order to get some insights into the state of denaturation of metaphase spreads (Dobrucki & Darzynkiewicz, 2001 ), a control experiment with acridine orange (AO) staining was performed. The metaphase spreads were pre-treated as for LTFISH (see above) and stained as described elsewhere in detail (Darzynkiewicz, 1990) . Briefly, slides were dipped in cold (4 ° C) acid solution (80 m m HCl, 150 m m NaCl, pH < 2.0) for 60 s. They were drained quickly and stained in dye solution (20 µ m Acridine Orange, 1 m m Na 2 EDTA, 150 m m NaCl, 200 m m Na 2 HPO 4 , 100 m m citric acid, pH 6.0) for 12 min. The slides were removed from Choplin jar, allowed to drain, and sealed with a coverslip without removing the remaining staining solution in order to keep them wet for imaging. Fluorescence far-field images were acquired immediately.
Confocal laser scanning microscopy (CLSM)
For quantitative analysis of the labelled sites after LTFISH, far-field images of the specimen were acquired using a CLSM (Leica TCS_NT) equipped with a PlanApo 63 × /NA 1.4 oil immersion objective and an argon-krypton laser for excitation at 488 nm (FITC) and 568 nm (PI). The appropriate excitation wavelength was selected by an acousto optical tuneable filter (AOTF). The fluorescence was detected on photomultipliers via appropriate filter settings.
The metaphase spreads were scanned in two dimensions only. For each image, 32 scans were averaged. Forty-five complete metaphases were recorded for each hybridization condition of LTFISH. From these, the 30 with the best signalto-background ratio were taken for further evaluation.
The interphase nuclei were scanned three-dimensionally with 200 nm axial sections, resulting in 20 -40 images per cell nucleus. Twenty cell nuclei were recorded for each hybridization condition and among these the 15 with the best signal-tobackground ratio were further evaluated.
For each metaphase spread and cell nucleus, the number of hybridization sites (spots), the spot intensity and the spot area or volume were calculated. This quantitative analysis was done using the software package khoros (Khoral Research Inc., Albuquerque, USA).
The metaphase spreads subjected to AO staining were visualized using a Zeiss LSM 510 equipped with a PlanNeofluar 63 × /NA 1.3 oil objective and an argon ion laser for excitation at 488 nm. Red AO fluorescence was detected via a long-pass filter at 560 nm, whereas the green AO fluorescence was detected with a 520 ± 10 nm band-pass filter.
Scanning near-field optical microscopy (SNOM)
SNOM images were acquired using a β -type ZEISS SNOM 210 as described elsewhere (Hausmann et al ., 2001a) . Microfabricated SNOM probes equipped with a silicon nitride tip and coated with an aluminium layer were used. They had an aperture of ≤ 100 nm, as specified by the manufacturer. The topographic scan was controlled by modulation of the lateral shear-force oscillations of the tip. The Cy3-fluorescence was excited by an HeNe laser at 543 nm and detected by a 590 nm long pass filter. Fluorescence and absorption were detected in air by an Achroplan long distance objective lens 40 × /NA 0.6corr. and transferred to an avalanche photodiode or photomultiplier, respectively.
The instrument was controlled by the NanoScope IIIa controller (Digital Instruments Vecco GmbH, Mannheim, Germany). The scans were performed using a tip velocity of less than 1 µ m s − 1 . The topographic, light transmission and fluorescence images of each object were recorded simultaneously, low-pass filtered, and visualized in 3D false-colour plots using the nanoscope IIIa software (version 4.42r1) running under Windows.
Results
LTFISH experiments were performed for different hybridization times between 5 and 50 h using the pUC1.77 probe directly labelled with fluorescein, or indirectly visualized with FITC-antidigoxigenin. The average number of visible major and minor binding sites ('spots'), the relative background intensity, the average spot area (metaphase spreads) or average spot volume (interphase cell nuclei), and the average spot intensity (relative to the brightest spot) were calculated (Tables 1 and 2 ). In most cases an odd number of spots was found because the cells were obtained from a male donor and the probe typically has a minor binding site on the Y-chromosome. In principle, metaphase spreads and cell nuclei showed similar results. The variability of signal intensity and size was larger for the cell nuclei, which probably was due to the fact that they were not arrested at a specific cell cycle position. With the increase of hybridization time the average number of labelling sites increased (Fig. 1) but the relative background decreased (Fig. 2) . However, in all cases the values for a hybridization time of 25 h did not reproducibly follow these tendencies. The two brightest spots assigned to the major binding sites on chromosome 1 were clearly discriminated from the minor binding sites by their relative intensities (Fig. 3) . The minor binding sites showed a lower spot intensity (about 2-10 times lower). In general, the direct fluorescein labelling procedure appeared to be better suited for LTFISH in discriminating of major and minor binding sites by signal intensity or signal size.
Although a hybridization time of 5 h was sufficient to label unequivocally the major binding sites on chromosome 1, an optimum of labelling intensity and signal-to-background intensity was obtained at 15 h. Under this time condition, the background intensity was nearly as low as for 50 h and the number of labelling sites (major + minor) were about the same (Figs 1 and 2) . From light microscopic far-field imaging, the obvious visual impression of the chromosomes subjected to LTFISH did not differ significantly from the typical images known from SFISH (Fig. 4) or Fast-FISH. In order to obtain more information about the chromosomal morphology, SNOM images were recorded. Due to the shear-force control of the SNOM used, completely dried samples were required. All FISH protocols applied for SNOM imaging were performed with 15 h hybridization time. However, because FITC did not reveal detectable signals under dry specimen conditions, direct labelling without antibodies was not possible. In contrast to FITC, Cy3 was a dye which showed a sufficiently constant fluorescence during image acquisition even after air-drying of the specimen (Perner et al ., 2000) . The use of Cy3 required indirect labelling, which was performed for all SNOM studies.
In Fig. 5 , typical SNOM images are shown for a SFISH experiment (I) in comparison with a LTFISH experiment (II). Both image series were recorded under the same instrumental settings. The topographic images (Fig. 5a) showed a granular appearance of chromosomes after SFISH with collapsed chromatids. In contrast, the LTFISH chromosomes were more voluminous with a 'smooth', i.e. less granulated, surface. The general morphological differences were supported by the light transmission image (Fig. 5b) . After SFISH, the chromosomes were very flat. Signal and background intensity were very similar, indicating that the scan level of the SNOM tip was on the level of the slide. In contrast, only an intensive transmitted light signal was found on the chromatids of the LTFISH chromosomes. These results indicate voluminous chromosomes and an intensive near-field object interaction. The fluorescence image (Fig. 5c ) shows clearly visible labelling sites that could be assigned to the centromeric regions. Due to the application of the pUC 1.77 DNA probe, only chromosome 1 (identified as the longest chromosome of a metaphase spread) showed a fluorescence signal of high intensity for LTFISH (Fig. 5c, II) . In contrast, for SFISH all chromosomes showed a signal (Fig. 5c, I ) because an all-centromere-specific DNA probe was used in these experiments. The fluorescence background on the chromatids was higher for LTFISH than for SFISH.
In order to show that the differences in chromosomal morphology were mainly induced by thermal denaturation and the use of chaotropic agents on the chromosomal target and not by the different sample pre-treatment for the FISH experiments, samples subjected to RNase treatment and pepsin digestion (used in LTFISH experiments) were hybridized by the SFISH procedure. For comparison to the experiment shown in Fig. 5 , an all-centromere DNA probe was used for this FISH experiment (HTC). In Fig. 6 , a typical result is shown. The morphology of the chromosomes was poor: they were flat with collapsed chromatids. Neither a smooth nor a typical granular surface morphology was visible. The light transmission image was very inhomogeneous, indicating an inhomogeneous chromatin density. The labelling sites were found at the centromeres with a low background level on the chromatids and signal intensities compatible to SFISH. The three types of FISH experiments (LTFISH, SFISH, HTC) were compared by measuring the chromatids height in the topographic images by linear scans perpendicular to the chromosome axis. Several chromosomes were scanned at different positions. In all cases, a typical chromatid height of 150-250 nm was obtained for LTFISH, 50-100 nm for SFISH, and < 50 nm for HTC. In Fig. 7 , typical examples of height profiles are given for the chromosomes shown in Figs 5(a) and 6(a) .
Discussion
For the analysis of the 3D morphology of chromosome territories and subchromosomal domains in intact cell nuclei , SFISH in combination with highresolution light microscopy are routinely applied tools of research. However, it is controversial as to what extent SFISH procedures with denaturation by chaotropic agents and heat treatment are completely reversible. Therefore, procedures for in vivo labelling of genomic regions have been developed (Robinett et al., 1996; Zink et al., 1998; Manders et al., 1999; Tsukamoto et al., 2000; Tumbar & Belmont, 2001 ). However, these procedures are either less specific than SFISH or require complex genomic modifications.
An alternative approach may be the development and application of FISH procedures omitting physical and chemical denaturation of the chromosomal target, with the benefit that the chromosomal morphology, especially on the supramolecular level at dimensions in the sub-hundred nanometre range, is better preserved. LTFISH appears to be a useful solution, combining the specificity of FISH with gentle chromosome treatment. The feasibility of LTFISH was shown some years ago (Kraus et al., 1995; Durm et al., 1997) . In these experiments the probe was hybridized on metaphase spreads only and the experimental conditions have not been optimized.
As one of the major applications of LTFISH may be investigations of intact cell nuclei in order to study their supramolecular chromatin structure and organization without considerable destruction of chromatin morphology, this technique was systematically investigated for hybridization on metaphase spreads and in interphase cell nuclei. The influence of the hybridization time on the stringency was studied. For 10, 15 and 50 h hybridization time, the results were very similar. Because of the reduced stringency by omitting several washing steps, LTFISH revealed visible minor binding sites. However, there was a considerable intensity gap between major and minor binding sites so that they can be discriminated by means of appropriate thresholding in image analysis. Direct and indirect labelling were also compared. With direct labelling, better results were obtained concerning signal quality and signal-to-background ratio. Values for 25 h of hybridization, however, disagree with the general tendency. The reason for this reproducible effect so far remains unclear.
The applied LTFISH protocol completely omits heat treatment and formamide exposure of the target DNA, resulting in a better preserved chromosomal morphology. The results are obviously as specific, as in SFISH. What might be the mechanism on the molecular level? One possibility may be the binding of the probe as a third strand, i.e. as a triple helix (Felsenfeld et al., 1957) . The region 1q12 has several appropriate homopurin sequences for binding a third homopurin or (c was recorded with an epifluorescence microscope (Zeiss Axioskop) with an objective 63×/NA1.25 and appropriate filter settings. The images (green-labelled sites and counterstained cell nucleus and metaphase chromosomes) were acquired with a Photometrics B/W camera and merged.) Fig. 5 . SNOM images of metaphase chromosomes after SFISH (I) and LTFISH (II) recorded under the same instrumental conditions. For each sample the topographic image (a), the light transmission image for 543 nm (b) and the Cy3-fluorescence image (λ ≥ 590 nm) (c) were recorded simultaneously. For SFISH, an all centromere DNA probe was used, so that all chromosomes in the SNOM image carry an intensive fluorescence signal. For LTFISH, the DNA probe pUC 1.77 was used, which is specific for the region q12 on chromosome 1, resulting in an intensive fluorescence signal only on the largest chromosome (for further details see text).
homopyrimidin sequence. The probe length required for triple-strand binding should not exceed 35 bases (M. Hausmann et al., unpublished results) . Because the amounts of DNA probe used were not very different from SFISH conditions probably not enough small homopurin/homopyrimidin segments were available for strong signal intensities.
Another explanation may be that the chromatin is partly denatured by the methanol/acetic acid fixative or by adding the DNA probe mixture to the target. These conditions, however, do not differ for SFISH and LTFISH, so it would not explain the requirement of target denaturation in SFISH.
A further explanation for the LTFISH mechanism may be the natural existence of separated strand segments of the double helix. As the probe-to-target ratio was in the range 10 10 : 1, this might be enough to associate the probe material, especially after methanol/acetic acid fixation and LTFISH pre-treatment by RNase treatment and pepsin digestion. This interpretation is supported by the results of Dobrucki & Darzynkiewicz (2001) , who showed by an acridine orange (AO) assay that highly condensed chromatin is sensitive to denaturation under low pH conditions. In our experiments, the chromosomes as well as the cell nuclei showed light red fluorescence under LTFISH pre-treatment followed by AO (see Fig. 8 ), a hint that single-stranded DNA sequences may exist without heat denaturation. So far, however, these results with AO are very preliminary.
A final decision about the mechanism of LTFISH is still missing. Nevertheless, the technique functioned reproducibly in different laboratories with high efficiency and good labelling quality. The SNOM images showed a more cylindric size of the chromatids, with a less collapsed, i.e. better preserved morphology. Therefore, it can be concluded that the three different types of SNOM images indicate that thermal denaturation of the chromosomal target has an influence on the chromatin morphology, although the specificity of the FISH label remains apparently uninfluenced. Although LTFISH appeared to maintain the chromosomal shape, an unequivocal interpretation as to whether this morphology represents the native structure correctly cannot be given. This would require further investigation.
Nevertheless, LTFISH may be an alternative to standard FISH protocols where preparation-induced chromatin modifications have to be avoided. It is anticipated that LTFISH does not work in general for all but only for certain types of DNA probes. Together with triple in situ hybridization (TISH; Johnson and Fresco, 1999) or combinatorical oligo FISH (COMBO-FISH; Cremer et al., 1998; M. Hausmann et al., unpublished results) , it may contribute to new future generations of FISH protocols working under vital cell conditions. 
